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422a Tuesday, March 8, 2011Conclusion. The sodium channel NaV1.8 is expressed in murine heart, and is
functionally present in intracardiac neurons, but absent in cardiomyocytes.
Thus, NaV1.8 may influence myocardial electrophysiological properties
through its contribution to cardiac neuronal activity.
2284-Pos Board B270
Turret Histidines in pHModulation of the Cardiac Voltage-Gated Sodium
Channel
David K. Jones, Thomas W. Claydon, Peter C. Ruben.
Low pH reduces single channel conductance and destabilizes the inactivated
states of the cardiac voltage gated sodium channel (NaV1.5) by increasing win-
dow current and inhibiting use dependent inactivation. Outer ring carboxylates
are believed to underlie proton block. In contrast, the molecular underpinnings
by which protons modulate NaV1.5 channel kinetics (Jones et al. 2010) are un-
known. We hypothesize that turret histidines found in domain II, and conserved
in all NaV channel isoforms, play a pivotal role in pH modulation and channel
function, as has been demonstrated in potassium channels (Claydon et al.
2002). We expressed wild type and mutant NaV1.5 channels in Xenopus oo-
cytes and recorded currents using a cut-open voltage clamp with extracellular
solution titrated to either pH 7.4 or pH 6.0. Replacement of a histidine with
a glutamine at position 880 abolished the effect of pH on window current
and use dependent inactivation. Additionally, the H880Q mutant depolarized
the voltage dependence of activation and fast inactivation. We therefore pro-
pose H880 plays an important role in pH modulation and function of NaV1.5.
2285-Pos Board B271
Palmitoylation Affects the Interaction of Animal Toxins with Sodium
Channels
Frank Bosmans, Mirela Milescu, Kenton J. Swartz.
Animal toxins can interact with voltage sensor paddle motifs within voltage-
activated sodium (Nav) channel voltage sensors to alter channel function.
These structural motifs were originally identified in voltage-activated potas-
sium (Kv) channels, where they were shown to move at the protein-lipid inter-
face to drive activation of the voltage sensors and opening of the pore.
Serendipitously, we identified a variant of Nav1.2 with functional properties
similar to wild-type, but that exhibits a 20-fold higher apparent affinity for
PaurTx3, a voltage sensor toxin isolated from tarantula venom. The amino
acid difference that underlies this large divergence in toxin sensitivity was
identified as G1079C and is located in the intracellular loop between domain
II and domain III of the channel. Since this region is unlikely to be directly ac-
cessible to peptide toxins applied to the external solution, we explored the pos-
sibility that cysteine palmitoylation underlies this observation. When we inhibit
palmitoylation of Nav1.2 and the G1079C mutant by using 2-Br-palmitate, the
apparent affinities of the toxin for both channels now coincide. While surveying
other molecules, we found a second tarantula toxin, ProTx-II, which is simi-
larly influenced by Nav1.2 palmitoylation. Interestingly, both these toxins in-
teract with the paddle motif in domain II of the channel whereas a scorpion
toxin that interacts with the domain IV voltage sensor, AaHII, is not affected.
These results suggest an important role for palmitoylation in shaping the phar-
macological properties of Nav1.2 and have implications for changes in drug
susceptibility of Nav channels caused by intracellular mutations.
2286-Pos Board B272
Molecular Determinants for Alpha-Scorpion Toxin Binding to the Resting
State of a Voltage Sensor of Brain Sodium Channels
Jinti Wang, Vladimir Yarov-Yarovoy, Roy Kahn, Dalia Gordon,
Michael Gurevitz, Todd Scheuer, William A. Catterall.
Voltage-gated sodium channels are responsible for initiation and propagation
of action potentials in nerve and muscle. a-Scorpion toxins, including LqhII
(Leiurus quinquestriatus hebraeus, type II), bind to the extracellular face of
the sodium channel and inhibit fast inactivation. Previous work has identified
E1613 (rat NaV1.2) in the S3-S4 loop of domain IV as a key site of toxin bind-
ing, but antibody-mapping studies suggested additional components of the
toxin receptor site in domains I and IV. To identify other determinants of toxin
action, extracellular amino acid residues in domains I and IV of the a subunit
were converted to alanine or other neutral amino acids, and mutant channels
were transiently expressed in tsA-201 cells and tested for channel function
and toxin action by whole-cell voltage clamp. Toxin affinity for most mutant
channels was unchanged from wild-type. However, electrophysiological anal-
ysis showed that T393A, T1560A, F1610A, and E1613A, had 3.4-, 5.9-, 10.7-,
and 3.9-fold lower affinities for LqhII, respectively. Most of these mutations
increased the rate of toxin dissociation, but had little effect on the rate of toxin
association. These results indicate that T1560 in the S1-S2 loop, F1610 in the
S3 segment, and E1613 in the S3-S4 loop in domain IV form one aspect of the
toxin-binding site; T393 in the domain I SS2-S6 loop may contribute to a sec-
ond part of the site. Modeling the toxin receptor site and the toxin-receptor in-teraction with the Rosetta-Membrane structural-modeling and ligand-docking
algorithms resulted in a three-dimensional model of LqhII binding to the volt-
age sensor of the channel. This model refines the structure of the resting state of
the voltage sensor and suggests its mode of interaction with a gating modifier
toxin. Supported by U01 NS058039.
2287-Pos Board B273
High-Resolution Structural Modeling of Voltage-Dependent Conforma-
tional Changes in the Voltage Sensor of NaChBac
Vladimir M. Yarov-Yarovoy, Paul DeCaen, Todd Scheuer, David Baker,
William A. Catterall.
Progress has been made in determining high-resolution structures of voltage
sensors of voltage-gated ion channels in activated and/or inactivated states.
However, high-resolution structures of resting and intermediate states of volt-
age sensors remain unknown.We constructed high-resolution structural models
of resting, intermediate, and activated states of the voltage-sensing domain
(VSD) of the bacterial sodium channel NaChBac using the Rosetta-
Membrane computational method, the Rosetta method-based FoldIt program,
the x-ray structure of the Kv1.2-Kv2.1 chimeric channel, and experimental
data demonstrating sequential interactions between gating-charge-carrying ar-
ginines in S4 segment and negatively charged residues in S1, S2, and S3 seg-
ments during activation. The resulting sliding helix model suggests that the S4
is a 3-10 helix from the first or second gating-charge-carrying arginine to the
fourth gating-charge-carrying arginine or S125 near its C-terminus during the
conformational change between the resting and activated states. The S4 seg-
ment slides ~10 A˚ through a narrow groove formed by rigid S1, S2 and S3 seg-
ments, rotates ~30-60 degrees with respect to its own axis, and tilts sideways at
a pivot point formed by a highly conserved hydrophobic region in the middle of
the VSD. During S4 movement, gating-charge-carrying arginines sequentially
form ion pairs and hydrogen bonds with highly conserved negatively charged
and polar residues in the narrow gating pore and in the intracellular and extra-
cellular water-accessible cavities of the VSD. Conformational changes of the
intracellular half of S4 are coupled to lateral movement of the S4-S5 linker
that leads to movement of the intracellular half of S5 and S6 segments and ei-
ther opens or closes the intracellular gate of the ion-conducting pore. Supported
by NIH R01 NS015751 to W.A.C. and P20GM076222 to D.B.
2288-Pos Board B274
Disulfide Locking Reveals Interaction of the Gating Charges with a Nega-
tive Charge in the S1 Segment During Activation of the NaChBac Voltage
Sensor
Paul G. DeCaen, Vladimir Yarov-Yarovoy, Todd Scheuer,
William A. Catterall.
Opening and closing the pore of voltage-gated ion channels are mechanically
linked to conformational movement of the positively charged fourth transmem-
brane segment (S4) in the voltage sensor. Disulfide locking of cysteines
substituted for gating charges and for E43 at the extracellular end of the S1 seg-
ment of the bacterial sodium channel NaChBac demonstrated that a threonine
at gating charge position 0 (T0) and arginine at the first gating charge position
(R1) located at the extracellular end of S4 interact with E43 in the closed state,
whereas the second and the third gating charges (R2) and (R3) interact with E43
in activated states. The kinetics and voltage dependence of disulfide locking of
R2C and R3C demonstrate sequential interactions of the gating charges with
E43C during voltage sensor activation. We did not observe disulfide locking
with the fourth or last gating charge (R4) and E43, suggesting that we have de-
scribed the upper limit to the outward movement made by the S4 during chan-
nel activation. These results indicate that S4 moves 8-10A˚ outward with respect
to E43 in the transition from resting to activate states, which supports a sliding
helix model of voltage sensor movement in voltage-gated ion channels.
2289-Pos Board B275
An Alternative Tetramerisation Domain Restores Expression of the
NAChBac Voltage-Gated Sodium Channel
Andrias O. O’Reilly, Andrew M. Powl, B.A. Wallace.
The NaChBac voltage-gated sodium channel from Bacillus halodurans is
a homo-tetramer, whichmatches the quaternary structure of potassium channels
but contrasts with the single-chain mammalian sodium channels. We have pre-
viously demonstrated that the cytoplasmic C-terminus of NaChBac functions as
a channel assembly domain [Powl et al (2010) PNAS 107:14064-14069]. Se-
quential deletion mutations reduce the amount of NaChBac in the membrane
fraction, with removal of the entire C-terminus eliminating the channel assem-
bly. A similar effect was also found upon removal of potassium channel assem-
bly domains. However, potassium channel expression can be rescued by using
an alternative tetramerisation domain replacement.
In this study we generated a chimeric form of NaChBac in which the C-termi-
nus was removed and the short cytoplasmic N-terminus was replaced with the
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that expression of the NaChBac channel returns to near wild-type expression
levels. In addition, the channel retains a tetrameric form following purification.
We describe the effects of the potassium channel T1 domain on thermal stabil-
ity and ligand-binding of the NaChBac channel.
The recovery of NaChBac expression through expression of an alternative tet-
ramerisation domain is consistent with similar studies on potassium channels
and suggests that it is the presence rather than the nature of the tetramerisation
domain that is key to channel assembly.
2290-Pos Board B276
DIII - DIV Linker Charge Mutations Differentially Affect Open and
Closed State Fast Inactivation in Nav1.4
James R. Groome, Prajwal Wagley.
Fast inactivation in sodium channels occurs with channel opening, or in response
to depolarization that does not open channels. Inactivation is dependent on the
binding of an IFMT motif located in the DIII-DIV linker, flanked by a number
of positively charged amino acid residues. We investigated the role of two loci
of positive charge on the N terminal side of the IFMT motif, and three loci of
charge on theC terminal side. To do thiswe compared the effects of charge revers-
ing and charge substitutingmutations in skeletalmuscle sodiumchannel hNaV1.4.
Inactivation from the closed state was prolonged by mutations on the N terminal
side, but accelerated by mutations on the C terminal side of the inactivation parti-
cle. Open-state fast inactivation was typically prolonged with mutation. Our re-
sults suggest that these residues play an important role in the inactivation of
sodium channels, and that both charge and structure contribute to these roles.
This work was supported by NSF RUI 0235358 to JRG and NIH P20RR16454
to ISU from the INBRE program of the National Center for Research Resources.
2291-Pos Board B277
Soma as a Source of Sequential Spikes at Cortical Pyramidal Neurons
Jin H. Wang, Rongjing Ge, Hao Qian, Na Chen.
State Key Lab for Brain and Cognitive Sciences, Institute of Biophysics,
Chinese Academy of Sciences, Beijing China 100101.
The neurons integrate signals from numerous synaptic inputs and produce se-
quential action potentials as digital codes to carry various messages of control-
ling well-organized behaviors and cognition. In terms of the source for their
initiation, short-time depolarization pulses evoke a single spike at axon hillock.
However, action potentials at the neurons in vivo are induced by long-time de-
polarization. The source for long-duration signals to induce digital spikes needs
to be addressed, which we studied at pyramidal neurons in layer 4 of cortical
slices by dual-recording on the soma and axonal bleb of identical neurons. In
intracellular recording in vivo, the duration of membrane depolarization falls
into a range of 60~1600 ms. These depolarization pulses were injected into
the soma and axon of identical cortical pyramidal neurons to induce spikes.
Theoretically, the primary location for spikes’ encoding should have more ef-
ficient input-output and the highest ability to fire sequential spikes. In whole-
cell recording, these physiological signals induce somatic spikes with efficient
input-output, the highest spiking ability, lower thresholds and shorter refractory
periods, compared with axonal ones. In single-channel recording, voltage-gated
sodium channels (VGSC) during a pre-depolarization, which mimics long-time
signals, show less inactivation and easier reactivation at the soma than axon.
Less inactivated and easily reactivated somatic VGSCs in Neuron model
simulate a somatic source of sequential spikes. Based on our data from exper-
iments to theoretical modeling and computational simulation back to experi-
ments, we conclude that physiological inputs primarily trigger the soma to
encode neuronal digital signals.
2292-Pos Board B278
A Single Channel Description of an Inactivation Deficient Sodium Channel
Mutant
Marcel P. Goldschen-Ohm, Baron Chanda.
A characteristic ofmanyvoltage-gated ion channels including sodiumand potas-
sium channels is that macroscopic currents elicited with a voltage step subse-
quently decline, or inactivate. Because entry into inactivated states tends to
limit the activity of single sodium channels to a small number of openings, iden-
tifying the statistical properties of other less stable gating processes can be dif-
ficult. Here, we examined the single channel characteristics of a mutant skeletal
muscle sodium channel (rat Nav1.4 L435W/L437C/A438W) that exhibits very
littlemacroscopic inactivation (Wang et al., 2003) in response to voltage steps to
60 and40 mV. Although open dwell time distributions could be more or less
described by a single exponential component, both deviations from the single ex-
ponential fit and time constants from bi-exponential fits were consistent across
patches, suggesting the existence of two open states with time constants of ap-
proximately 0.5-1 ms and 2-4 ms. Bursts of openings separated by closures of
less than 2 ms were observed frequently, with the number of bursts in a givensweep increasing at more depolarized voltages. The number of opening within
each burst was also voltage dependent, increasing from about 3 to 5 openings
at 60 and 40 mV, respectively. These data will be presented with a prelimi-
nary kinetic description of sodiumchannel activity in the absence of inactivation.
This work was funded by NIH grant GM084140.
2293-Pos Board B279
Mapping Residues that Influence Fast Inactivation Within Ca-Sensing
Domains in the Nav1.5 C-Terminus
Svetlana Z. Stepanovic, Franck Potet, Benjamin Chagot, Walter Chazin,
Sabina Kupershmidt.
Dysfunction of the cardiac sodium channel (NaV1.5, SCN5A) can result in ar-
rhythmias. We previously identified a complex ‘[Ca2þ]i sensing apparatus’
within the C-terminal domain (CTD) and have linked structural changes occur-
ring in response to [Ca2þ]i and calmodulin (CaM) binding within this apparatus
to changes in the voltage-dependence of Nav1.5 steady-state inactivation.
[Ca2þ]i-dependent modulation of inactivation involves: (i) an EF-hand domain
in the C-terminus (CTD-EF) that directly binds Ca2þ ions and (ii) an IQ motif
(CTD-IQ) located just downstream. The CTD-IQ recruits CaM to NaV1.5 and
regulates the Ca2þ affinity of the CTD-EF. Here, we identify structural features
required for CTD-EF/CTD-IQ interaction and explore their impact on Nav1.5
by measuring effects on steady-state inactivation. Using solution NMR, we
identified three residues in CTD-EF, F1791, L1786, and L1862 as likely points
of interaction with CTD-IQ. We mutated each of these to alanines (A). Nav1.5-
F1791A shows the same voltage-dependence of inactivation as WT. However,
the V1/2 of inactivation of Nav1.5-L1786A and -L1862 was hyperpolarized by
17 mV and 16 mV, respectively. In yeast-two-hybrid (Y2H) quantitative
b-galactosidase assays of WT CTD-IQ and mutated CTD-EF domains, we
found that CTD-IQ interacts only weakly with CTD-EF-WT or CTD-EF-
L1862A. In contrast, CTD-IQ interacts strongly with CTD-EF-L1786A and
-F1791A (5 and 6-fold enhancement, respectively). The lack of correlation be-
tween the interacting pairs and the observed shifts in V1/2 suggests that the
CTD-EF/CTD-IQ interaction is not the key determinant of steady-state inacti-
vation in this paradigm. When we assessed interaction of CaM with either
Nav1.5 CTD-WT (contains both EF and IQ) or CTD-L1786A, we found re-
duced interactions between CTD-L1786A and CAM compared to WT. This
suggests that interaction between CaM and CTD-IQ may determine the shift
in V 1/2 of inactivation.
2294-Pos Board B280
C121W Implicated in GEFSþ is a Thermosensitive Sodium Channel
Mutation
Csilla Egri, Yuriy Y. Vilin, Peter C. Ruben.
Genetic epilepsy with febrile seizures plus (GEFSþ) is a multifaceted pediatric
epilepsy syndrome of which febrile seizures (FS) are one of the most common
symptoms. A cysteine to tryptophan substitution at position 121 (C121W) in b1
subunit of NaV is one of the many mutations related to GEFSþ. The underlying
mechanism of this disorder is currently unknown, but it has been proposed that
bC121W causes the FS phenotype by altering the temperature sensitivity of NaV.
To uncover the biophysical mechanisms of temperature dependent changes, we
performed whole cell voltage clamp experiments at 22 and 34C on CHO cells
stably expressing the a subunit of neuronal isoform NaV1.2, transiently trans-
fected with either wild type or mutant b1. Our results suggest that the bC121W
mutant alters the gating of NaV1.2 compared to wild type b1, and that increased
temperature exaggerates these disparities. Specifically, we focused on temper-
ature- and mutation-induced changes to steady state slow inactivation (SSI).
This type of inactivation determines the proportion of channels available to
open after extended (over 1 min) or repetitive membrane depolarizations,
and thus has a profound impact on cellular and tissue excitability. At 22, we
saw no apparent differences in V1/2 of SSI between wild type and mutant chan-
nels. Increased temperature, however, unmasked a depolarizing shift in V1/2 of
SSI for aþbC121W in comparison to aþb1. A depolarizing shift in SSI is pro-
excitatory, and we predict that the differential response to temperature between
wild type and mutant subunits contributes to neuronal destabilization and epi-
leptogenisis during febrile states. (Supported by an NSERC Discovery Grant
and a CFI Infrastructure Grant to PCR.)
2295-Pos Board B281
Arrhythmogenic Biophysical Phenotype for SCN5A Mutation S1787N
Depends upon Splice Variant Background and Low pH
Bi-Hua Tan, Chunhua Song, David J. Tester, Qing Zhou, Yang He,
Robert W. Marion, Thomas V. McDonald, Michael J. Ackerman,
Jonathan C. Makielski.
Background: SCN5A encodes the voltage-dependent sodium channel a-subunit
hNav1.5 that is responsible for the peak inward sodium current (INa) that under-
lies excitability and conduction in the heart and the late INa that influences
